A proteome study of Agrobacterium tumefaciens exposed to plant roots demonstrated the existence of a plant-dependent stimulon. This stimulon was induced by exposure to cut roots and consists of at least 30 soluble proteins (pI 4^7), including several proteins whose involvement in agrobacteria^host interactions has not been previously reported. Exposure of the bacteria to tomato roots also resulted in modification of the proteins: Ribosomal Protein L19, GroEL, AttM, and ChvE, indicating the significance of protein modifications in the interactions of agrobacteria with plants.
Introduction
Agrobacterium tumefaciens is a Gram-negative plant pathogen belonging to the K-proteobacteria. It induces the formation of crown gall tumors in wound sites on plants (mainly dicotyledonous). A. tumefaciens has a unique ability to transfer a de¢ned DNA segment (T-DNA) to plants (and some other eukaryotes), where it integrates into the plant genome. This ability to transfer and integrate DNA is used for production of transgenic plants.
Many of the genes required for tumorigenesis are found on large extrachromosomal elements called Ti plasmids, including the proteins responsible for T-DNA processing and transfer that are encoded by the vir region. This region includes about twenty genes expressed in six operons (virA, -B, -C, -D, -E, and -G), essential for wild-type levels of pathogenesis on most host plants [1] . The vir regulon is coordinately induced in response to host-released phenolic compounds in combination with monosaccharides and extracellular pH (pH 5.0^5.5) [1] .
An early and essential step in tumorigenesis by A. tumefaciens is the attachment of the bacteria to host cells, required for DNA transfer from the bacteria to the host plant [2^5] . The genes required for the ¢rst loose attachment are mapped to the att region of the pATC58 [4] .
The recent publication of the full genome sequence of A. tumefaciens [6, 7] opens new opportunities for the study of global responses to various stimulons. Identi¢-cation of these stimulons and the numerous proteins involved in the various virulence processes can be achieved by the use of global analysis methods. Here we use proteome analysis to show the induction of 30 proteins (pI 4^7) upon exposure of A. tumefaciens to tomato roots. In addition to known virulence factors, we identi¢ed several proteins whose involvement in bacteria^plant interactions has not been previously reported. Furthermore, we could show several plant-dependent protein modi¢ca-tions.
Materials and methods

Bacteria, media, growth conditions and conjugation
Agrobacterium tumefaciens strains are described in Table 1. A. tumefaciens C58 strain ATCC 33970 was used. Bacteria were grown at 23 ‡C in H4 minimal salt medium [8] supplemented with 0.2% glucose. For tomato-rootbinding experiments the pH of the medium was adjusted to 6.0^6.8.
Bacterial rpoH and hrcA mutants (lacking the heat shock sigma factor c32 and the repressor that binds to the CIRCE inverted repeat, respectively [9] ), carrying pTi for use in virulence assays were constructed by introducing pTi from NT1(pTiC58Tra c ) into the mutant A. tumefaciens strains KN510, KN613, and KN201 and their wild-type parent GV3101. Spontaneous rifampicin resistant mutants of GV3101 and KN613 were isolated by plating the bacteria on 50 Wg ml 31 rifampicin. Matings were carried out as described by von Bodman et al. [10] and the desired transconjugants were selected on AT minimal medium containing 2 mg ml 31 arginine, 0.2 mg ml 31 nopaline, 0.15% (NH 4 ) 2 SO 4 , and 5 Wg ml 31 tetracycline or 50 Wg ml 31 rifampicin as appropriate.
Binding of bacteria to tomato root segments
To obtain axenic tomato roots, tomato seeds were surface sterilized by soaking in 80% ethanol for 1 min, followed by 20 min in 1.05% sodium hypochlorite solution, after which they were rinsed four times with sterile water and placed at room temperature in sterile water to germinate in the dark. Axenic roots 7^10 days old were cut into segments (2^3 cm long) under sterile conditions and added at a root concentration of about 3 cm ml 31 to 15 ml of H4-grown A. tumefaciens culture. The culture was at stationary phase and was diluted 1:10 in fresh growth medium to a ¢nal concentration of about 10 8 bacteria ml 31 . After 7 h of incubation at room temperature the roots were separated and the non-bound bacteria were collected by centrifugation. The root-bound bacteria were removed from the roots by gentle sonication for 2 min in washing bu¡er [42 mM NaH 2 PO 4 , 31 mM Na 2 HPO 4 and 0.1% Bactopeptone (Difco Laboratories)] containing 70-mesh quartz sand (Sigma Aldrich) using a bath (glassware washing) sonicator. Both the bound bacteria and the nonbound bacteria were washed twice with TE^PMSF [10 mM Tris pH 7.5; 1 mM EDTA ; 1.4 mM PMSF (phenylmethylsulfonyl £uoride)].
Proteome analysis
Proteins were extracted and separated as previously described [11] . After scanning, the gels were analyzed and compared using the Z3 software (Compugen Ltd, Israel). Proteins of interest were cut out of the gels and identi¢ed by mass spectrometry as previously described [9] .
Virulence assays
Bacteria were assayed for virulence by inoculating leaf wounds on Bryophyllum daigremontiana and stem wounds on Lycopersicum esculantum (tomato) cv. Rutgers as previously described [12] . Plants were grown at 25 ‡C and scored for the next 6 weeks.
Results
Binding of bacteria to tomato roots segments
To analyze the plant-induced proteomes cultures of A. tumefaciens strain C58 were grown in H4 medium at pH 6.2, which was the lowest pH that allowed bacterial growth to high density. To determine the duration of the binding assay root segments were sampled every hour and were observed under a light microscope. After 6^8 h high binding levels were observed. The bound bacteria can be seen as a layer above the section of the root (Fig. 1A ). Yet, bound bacteria constituted only a small fraction of the total bacteria since the experiment was performed with a high ratio of bacteria to roots. The experiment involved long incubation periods during which multiplication of bacteria occurred. Presumably, multiplication was independent of the binding state of the bacteria, and at any rate would not signi¢cantly change the ratio of bound to free bacteria. The bound bacteria were removed from the 
GV3101vrpoH: :tetR hrcA [20] root by sonication, which was carried out under conditions which were set to minimize the damage to the roots, in order to minimize the leakage of plant proteins to the extracts. The roots after removal of bound bacteria can be seen in Fig. 1B .
Proteome analysis of A. tumefaciens during infection
In order to identify proteins involved in the early steps of the interaction of bacteria with plants we performed a tomato-root-binding experiment with an excess of bacteria, as described above. Using 2D gels to separate the proteins, three samples were compared : control^bacteria that were not exposed to tomato roots but were incubated in the medium used for root incubations; bound bacteriab acteria that were bound to the tomato roots and removed by gentle sonication ; and non-bound bacteria^bacteria that were exposed to tomato roots but were not bound to them after 7 h. Proteins from untreated samples were computer stained with green color and proteins from treated samples were computer stained with magenta color. In an overlay of the two images the new proteins induced following exposure to plant are visualized by magenta color, proteins that were synthesized under both conditions are shown as black spots and the various color combinations of green and magenta indicate the relative expression of proteins in the two conditions. Proteins that were consistently overexpressed after exposure to the plant roots were circled. Magenta spots that are not circled represent proteins whose induction pattern was not consistent. While the levels of most proteins did not change, this exposure resulted in the induction of 30 proteins (pI 4^7), as compared with the control bacteria (Fig. 2) . No signi¢cant di¡erence was found between the bound and the nonbound bacteria. These results indicate that induction of the plant-response proteins does not require attachment, and is probably mediated by secreted plant-compounds. The lack of di¡erence between the bound and non-bound Fig. 2 . A. tumefaciens proteome with and without exposure to tomato root segments. A. tumefaciens was exposed to tomato root segments as described in Section 2. Protein extracts from non-exposed and non-bound exposed cells were separated on 2D gels and were silver stained. The two images were overlaid using the Z3 software^non-exposed bacteria in the green channel, and exposed bacteria in the magenta channel. Induced proteins were marked by circles and non-induced identi¢ed proteins by arrows. bacteria exposed to roots may be due to the limits of the analysis performed. This 2D gels analysis is useful for separating water soluble cytoplasmic proteins. Very few membrane proteins can be detected since they are highly hydrophobic and have low solubility in the rehydration solution. The binding of bacteria to the plant may a¡ect mainly the pro¢le of membrane proteins. Changes in these proteins are not detectable in our system.
Sixteen of the plant-induced proteins were identi¢ed (Table 2) . Among them several proteins, such as ChvE, AttK and AttM, are known to be involved in the pathogenicity of A. tumefaciens. Other proteins, such as the putative rhizopine-binding protein precursor, were described only as open reading frames with sequence similarities to functional proteins.
Many of the proteins belonging to the plant-induced stimulon are associated with biosynthesis and metabolism (i.e. ribo£avin synthase, AldA and AttK); others are involved in the transport of proteins or metabolites [i.e. SecB, ChvE, ABC transporter: substrate-binding protein (sugar), and iron (III) ABC transporter: ATP-binding protein]. Some of these proteins are expected to be induced due to the environmental changes resulting from the accumulation of plant-secreted substances. Other proteins, such as SecB, may be involved in a more speci¢c virulence-related process.
Following exposure to plants, several proteins were found in more than one spot. Usually the spots were at di¡erent pIs and similar molecular masses. This pattern suggests the existence of regulated plant-dependent posttranslational modi¢cation. Such modi¢cations can include addition of charged groups, mistranslation or cleavage of a charged residue or peptide. In ChvE, there was no signi¢cant change in the overall level of the protein, but a new subpopulation with slightly lower pI was found. Similarly in AttM (spots 22 and 53 in Fig. 2 ) a second spot appeared upon exposure to plant segments in addition to a slightly more acidic spot that was found in the control experiment. As spot 53 contains three di¡erent proteins it was not possible to determine whether the levels of AttM in this spot are constant or induced by exposure to plant cells. The plant-dependent post-translational modi¢cations were found in two other proteins: Ribosomal Protein L19, in which the apparent pI of the protein was changed to a lower pH by 5.4 pH units, and the GroEL heat shock protein.
The modi¢cation in the GroEL protein was the only plant-induced change in a heat-shock-related protein.
This result was surprising, in view of previous ¢ndings suggesting that the heat shock response is involved in bacteria^host interactions [13] . In order to determine whether heat shock genes are involved in the plant-induced response, in spite of no apparent change in the proteome, we infected plants with mutants of A. tumefaciens defective in the heat shock response. The results shown in Fig. 3 indicate that there is no apparent involvement of the heat shock response in pathogenesis of A. tumefaciens. This result is compatible with the proteome data.
Discussion
A. tumefaciens is a plant pathogen extensively used as a tool for plant genetic engineering. Understanding the physiology of the free-living bacteria, as well as the bacteria in contact with plants is therefore important in more than one way. Here we presented data obtained by proteomic studies on the bacteria^plant interactions. Exposure to plant tissues induces the expression of a stimulon consisting of several virulence-associated proteins as well as additional proteins, whose involvement in interactions with plants has not been previously demonstrated. Furthermore, we could show several plant-induced post-translational modi¢cations, emphasizing the importance of proteome studies in the ¢eld of A. tumefaciens tumorigenesis.
The plant-induced stimulon of A. tumefaciens consists of more than 30 proteins that can be detected on 2D gels, pI 4^7. Most of these proteins are soluble cytoplasmic proteins, as the methods used to obtain the proteome exclude most of the hydrophobic, membrane-bound proteins. Many of the vir regulon proteins are not visible, as they are highly basic (pI s 7) and are membrane bound. These facts may account for our inability to detect di¡erences between proteomes of bacteria exposed to plant tissues and bacteria that are already attached to the plants. Yet, several proteins previously correlated with pathogenicity have been detected and constitute part of the stimulon, as they are induced following exposure to plants. These include AttM, AttK, and ChvE. Finding the AttM and AttK proteins, previously shown to be essential for the loose initial binding of A. tumefaciens to the plant cells, supports the hypothesis that many of the newly induced proteins are involved in some kind of pathogenic process.
As can be seen from the results presented in Fig. 2 , there is a change in about 30 proteins which are induced following attachment to plants. This attachment is also the initial step in bio¢lm formation on the root surface. There are reports indicating that bio¢lm formation by Pseudomonas aeruginosa involves a change in the proteome. The results from one laboratory indicate that about 1% of the proteins are induced [14] while other results show a change in the expression of about 35% of the proteins [15] . The 30 proteins induced in A. tumefaciens constitute about 2% of the detectable proteins (approximately 1500). As noted before, we can only detect the group of soluble proteins with pI 4^7. It is estimated that this group represents at least 80% of the total cellular proteins. Therefore, we conclude that in bio¢lms of A. tumefaciens the number of changed proteins is closer to 1% than to 35%. Among the many transport systems in A. tumefaciens, six di¡erent iron uptake systems were found [6, 7] . Iron acquisition is always a priority for pathogens. A. tumefaciens strains vary in their production of siderophores [6, 16] . Although strain C58 does not produce detectable siderophore activity in low-iron medium, the diversity of iron uptake system may allow it to use some catechol, hydroxymate or citrate siderophores produced by other microbes or by plants [6, 16] . Here we show the induction of one such uptake system in response to root segments as we observed the induction of an ATP-binding protein of the iron (III) ABC transporter. These results are in agreement with the concept that pathogens require the induction of iron uptake systems during infection.
One of the plant-induced proteins was identi¢ed as a putative rhizopine-binding protein precursor. Rhizopines are opine-like compounds that were ¢rst found in alfalfa nodules induced by Sinorhizobium meliloti [17] . The presence of this protein in A. tumefaciens^formerly shown only as a sequence open reading frame^is interesting, especially in light of the recent ¢nding that proteins involved in rhizopine catabolism are expressed during macrophage infection by closely related human pathogen Brucella abortus [18] .
The plant-induced stimulon also includes transporters and secretion proteins. Secretion systems are found as part of many pathogenicity systems. As A. tumefaciens lacks a dedicated type III secretion system for exporting pathogenicity factors [6, 7] , it probably uses other secretion systems to export these factors. In addition to the type II secretion system A. tumefaciens may contain a type IV secretion system on the pAtC58 [6, 7] . Here we show the plant-induced stimulation of the expression of SecB^a component of the type II secretion system.
Another group of proteins identi¢ed in the plant-induced stimulon is involved with sugar metabolism. The induction of some of these proteins is probably a response to secretion of various sugars by the plant tissues. In addition, several of these proteins participate in the biosynthesis of polysaccharides required for binding to the plant cells.
The results presented here indicate the existence of plant-induced post-translational modi¢cations of four proteins^AttM, GroEL, ChvE and the 50S Ribosomal Protein L19. In AttM a second spot is induced, in GroEL two of the three forms are induced, while ChvE appears in two distinct spots under non-induced conditions and a third spot appears only following exposure to plants. In addition, following exposure to plant tissues we identi¢ed at pI = 4 a ribosomal protein which should be located at pI = 9.4. The change of the protein, which changed its pI to 5.4 pH units lower than the theoretical one, suggests that this protein was modi¢ed by addition of a large negative charge. Post-translational modi¢cations are known to play a major role in the induction of A. tumefaciens virulence proteins, such as VirA, which senses plant-secreted substances and phosphorylates the response regulator VirG to positively regulate all vir promoters [1] . The plant-induced post-translational modi¢cations shown here may also be related to a similar process. The existence of a number of post-translational modi¢ed proteins suggests that protein modi¢cation may play a signi¢cant role in tumorigenesis-related protein activation in A. tumefaciens. These ¢ndings are compatible with accumulating data indicating that post-translational modi¢cations, previously studied mainly in eukaryotes, are important in bacteria as well. We assume that additional information concerning post-translational modi¢cation of proteins will be obtained with the extensive use of proteome studies in prokaryotes.
